Introduction
============

Primary central nervous system lymphoma (PCNSL) is a rare extra-nodal sub-type of non-Hodgkin lymphoma which is limited to the brain, spinal cord, leptomeninges, or eyes, without evidence of systemic involvement. It is often initially sensitive to both chemotherapy and radiation therapy but the survival is usually poor compared to those for systemic lymphomas outside the central nervous system (CNS).^\[[@R1]\]^

PCNSL accounts for 4% of newly diagnosed brain tumors and 4% to 6% of all extra-nodal lymphomas, with an incidence of 0.4 to 0.5/100,000 per year. PCNSL can occur in patients with immunosuppressive conditions (acquired immune deficiency syndrome, congenital immunodeficiency, post-transplant immunosuppression) as well as immunocompetent individuals. The incidence of PCNSL has increased over the past four decades, especially in older adult patients. PCNSL can occur at any stage of adulthood, with a median age at diagnosis of 65 years. Men are prominently affected compared to women.^\[[@R2]\]^ Immunohistochemistry staining shows that the majority of PCNSL resembles the activated B cell (ABC) sub-type of diffuse large B-cell lymphoma (DLBCL). However, genomic profiling has provided insights into the pathogenesis of this disease in recent years. Mutations in the adaptor protein myeloid differentiation primary response 88 (*MYD88*) and B-cell antigen receptor-associated protein cluster of differentiation 79B (*CD79B*) are frequently observed in PCNSL.^\[[@R3]\]^ The amplification of programmed cell death 1 (*PD-1*) gene and overexpression of PD-1 protein are associated with poor prognosis.^\[[@R4]\]^ These new insights into the mutational and signal activation have helped to identify novel target drugs to improve the prognosis of patients with relapsed/refractory (r/r) PCNSL.

This review focuses on the clinical presentation, diagnosis, and management of PCNSL in immunocompetent patients.

Clinical Presentation and Diagnosis
===================================

PCNSL has no specific clinical manifestations. More than 80% of patients develop intracranial mass lesions and leptomeningeal involvement occurs in 11% to 20% of cases.^\[[@R5]\]^ Eye involvement occurs in 15% to 25% of patients and primary intraocular lymphoma is a sub-type of PCNSL. Patients usually develop neurologic signs over weeks, including focal neurologic deficits (56%--70%), mental status and behavioral changes (32%--43%), symptoms of increased intracranial pressure (headaches, nausea, vomiting, papilledema, 32%--33%), and seizures (11%--14%), depending on the site of CNS involvement.^\[[@R6],[@R7]\]^

Cranial contrast magnetic resonance imaging (MRI) with contrast injection is the preferred method for radiologic evaluation. About 60% to 70% of patients have a single-mass lesion that appears to be homogenously enhanced with mild edema with diffusion-weighted imaging restriction abnormalities.^\[[@R8]\]^ Positron emission tomography-computed tomography (PET/CT) is also a useful tool for diagnosis, with high sensitivity (88%) and specificity (86%) that is widely used for the assessment of systemic disease.^\[[@R9]\]^ Complete remission (CR) of interim PET/CT may predict progression-free survival (PFS), but it was not related to overall survival (OS) in PCNSL.^\[[@R10],[@R11]\]^

Stereotactic biopsy guided by MRI is the preferred option for diagnosis, which can yield positive results in 90% of PCNSL cases; open biopsy procedures are rarely necessary. Steroid pre-treatment should be avoided before the biopsy. Atypical cells in the cerebrospinal fluid (CSF) cytology and abnormal B cell populations with restricted κ/λ expression are considered solid evidence of PCNSL.^\[[@R12]\]^ Biomarkers from the CSF are used for PCNSL diagnosis. Bivariate elevated chemokine ligand 13 plus interleukin 10 (IL-10) is highly specific for the diagnosis of CNS lymphoma.^\[[@R13]\]^ Data from the Peking Union Medical College Hospital reported sensitivity and specificity of 95% and 100%, respectively, for a CSF IL-10/IL-6 cut-off of 0.72.^\[[@R14]\]^ Pentsova *et al*^\[[@R15]\]^ confirmed the efficiency of liquid biopsy of CSF by next-generation sequencing (NGS) technology in CNS in 2016. Hattori *et al*^\[[@R16]\]^ performed droplet digital polymerase chain reaction (ddPCR) in 14 consecutive PCNSL patients, reporting that ddPCR can sensitively detect the MYD88 L265P mutation in cell-free deoxyribonucleic acid serum samples. However, there remains no solid evidence to support liquid biopsy such as NGS or ddPCR as tools for monitoring for minimal residual diseases.^\[[@R17],[@R18]\]^

Pathology
=========

DLBCLs account for \>90% of PCNSLs; the remainder comprises Burkitt lymphomas, low-grade lymphomas, or T-cell lymphomas (peripheral T-cell and anaplastic large T-cell lymphomas). PCNSL cells morphologically resemble centroblasts in light-scope imaging and B cell markers are strongly expressed. CD10 is detectable in only 10% to 20% of cases and interferon regulatory factor 4 (IRF4/MUM1) is strongly expressed in more than 90% of patients.^\[[@R19]\]^ B-cell lymphoma 6 (BCL-6) and MYC overexpression are related to poor survival.^\[[@R20],[@R21]\]^ No specific chemokines have been identified to explain why PCNSL is restricted to the CNS.

Molecular Pathogenesis
======================

PCNSL has unique genomic alterations, including the deletion of chromosome 6p21 harboring the human leukocyte antigen locus, recurrent 9p21 losses, and *9p24.1* copy number alterations and translocations that encode programmed death-ligand 1 *(PD-L1)* and programmed death-ligand 2 *(PD-L2)*.^\[[@R3],[@R22]\]^ In particular, deletions at the 6q21-23 region containing: (i) protein tyrosine phosphatase, receptor type, K, a protein tyrosine phosphatase involving in cell adhesion signaling; (ii) positive regulatory domain 1, a suppressor of tumor activity and regulator of B cell differentiation; and (iii) A20, also known as tumor necrosis factor-alpha-induced protein 3, which down-regulates nuclear factor-κB (NF-κB) signaling. Recurrent chromosomal losses at the 9p21 region, which encodes loci involved in cell cycle regulation including cyclin-dependent kinase inhibitor 2A. NGS has revealed additional gene mutations and PCNSL displays different gene expression profiles from those of other types of DLBCL. In 2018, Schmitz *et al*^\[[@R23]\]^ and Chapuy *et al*^\[[@R24]\]^ summarized the genetic sub-types of DLBCL, in which PCNSL was assigned to the MCD and C5 sub-types, with frequent *MYD88, CD79b* mutations accompanied by E-twenty-six variant transcription factor 6*, PIM1* mutations and *Bcl-2* gain. Several signal pathways are crucial in PCNSL molecular pathogenesis. *MYD88*^*L265P*^is the most common mutation in PCNSLs. *MYD88* encodes a signaling adaptor protein that induces activation of NF-κB and the Janus kinases/signal transducer and activator of transcription 3 (JAK/STAT3) pathway after stimulation of Toll-like receptors, interferon-β production, and IL-1/IL-18 receptors, this mutation is related to poor survival, which occurs in 40% to 100% of patients. *CD79b* is another common mutation, which occurs in more than 30% of cases and activates the NF-κB signaling pathway via the B cell antigen receptor (BCR) signaling pathway.^\[[@R16],[@R25]--[@R27]\]^ The BCR pathway transmits its signals to the CBM signalosome complex composed of caspase recruitment domain-containing protein 11, B-cell lymphoma/leukemia 10 and mucosa-associated lymphoid tissue lymphoma translocation protein 1. Balint and colleagues identified ataxia-telangiectasia mutated (*ATM*), tumor protein 53 (*TP53*), phosphatase and tensin homolog(*PTEN*), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (*PIK3CA*), janus kinase 3 (*JAK3*), protein tyrosine phosphatase non-receptor type 1 (*PTPN1*), and *KRAS* mutations in PCNSL tumor cells by NGS and reported TP53 and ATM mutations to be negative prognostic factors.^\[[@R25]\]^ These mutations were also found in CSF samples. Monitoring for the MYD88^L265P^ mutation in CSF by ddPCR was shown to be as effective as MRI evaluation in 2018.^\[[@R16]\]^ The JAK/STAT signaling pathway was activated by IL-4 and IL-10 *in vitro* studies.^\[[@R27]\]^ JAK/STAT intracellular signaling pathway is up-regulated in the micro-environment of tumor vessels, which are correlated with tumor response and progression.

Prognostic Factors
==================

Two prognostic score systems were developed more than 10 years ago. The International Extranodal Lymphoma Study Group (IELSG) reviewed 105 patients with PCNSL and proposed the IELSG score comprising five parameters: age \>60 years, Eastern Cooperative Oncology Group status \>1, elevated serum lactate dehydrogenase level, elevated CSF protein concentration, and involvement of deep regions of the brain. In the low-risk (0--1 factors), medium-risk (2--3 factors), and high-risk (4--5 factors) groups, the 2-year survival rates were 80%, 48%, and 15%, respectively.^\[[@R28]\]^ The Memorial Sloan Kettering Cancer Center prognostic score uses two parameters: age \<50 years and Karnofsky performance score ≥70.^\[[@R29]\]^ CR after induction therapy was an independent factor for longer OS.

Induction Therapy
=================

Treatment strategies for PCNSL have improved over the decades; however, no consensus on the optimal regimen has yet been established. High-dose methotrexate (HD-MTX) is the backbone of systemic therapy but the role of surgery, the optimal upfront combination regimen, and the role of radiation remain controversial.

Surgery and radiation
---------------------

The role of surgery in PCNSL is generally restricted to stereotactic biopsy due to multifocal and diffusely infiltrative tumor growth. Moreover, surgical resection increases the risk of permanent neurologic deficits and delay chemotherapy. No survival benefit from sub-total or gross total resection has been observed. While experts agreed that open surgery should be restricted to selected patients, Weller challenged this opinion in 2012. Data from the German PCNSL Study Group-1 showed clinical outcome improvements in patients undergoing MRI-guided sub-total or gross total resection; however, the benefit may have been related to a bias in the basal physical status.^\[[@R30]\]^

PCNSL is sensitive to radiation therapy; therefore, whole-brain radiotherapy (WBRT) combined with corticosteroids was the standard regimen for initial treatment in the 1980s. Although the early overall response rate (ORR) reached 90%, the high relapse rate limited its use. Most patients relapsed within 1 year and the OS was only 10 to 17 months.^\[[@R31]\]^ WBRT also significantly increased the risk of neurotoxicity and more than 25% of patients older than 65 years of age developed cognitive impairments that increased mortality.^\[[@R32]\]^ Fine *et al*^\[[@R33]\]^ reported a 6-month PFS of only 33% in patients more than 70 years of age treated with WBRT. Given the lack of durable responses to radiation and the risk of neurotoxicity associated with this therapy, WBRT alone is no longer recommended as an initial treatment for most patients with PCNSL. In some selected situations such as multi-chemotherapy intolerance or relapse after chemotherapy, WBRT remains a good option. WBRT is widely used as consolidation treatment. Some experts suggest that low-dose radiation can decrease neurotoxicity. Morris conducted a phase II single-institution study to assess whether reduced-dose WBRT for consolidation led to reduced neurotoxicity and durable disease control. PCNSLs were treated with rituximab, HD-MTX, vincristine, and procarbazine (R-MVP) followed by reduced-dose WBRT (23.4 Gy). No cognitive impairment was observed clinically in formal psychometric testing; the ORR was 78% and the median PFS was 7.7 years.^\[[@R34]\]^

Systemic chemotherapy
---------------------

Many drugs cannot permeate the blood-brain-barrier (BBB); therefore, CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone) used in the management of systemic lymphoma does not confer a survival benefit. Currently, systemic chemotherapy containing HD-MTX is widely used in the treatment of PCNSL \[Table [1](#T1){ref-type="table"}\].
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Treatment regimens for newly-diagnosed PCNSL
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HD-MTX-based polychemotherapy
-----------------------------

While HD-MTX is now considered the cornerstone of systemic chemotherapy for newly diagnosed PCNSL, the most effective dose has not yet been established.^\[[@R35]--[@R37]\]^ Most experts and guidelines suggest the administration of more than 6 cycles at the minimal dose of 3.5 g/m^2^ as induction treatment and multi-drug regimens with HD-MTX increased the efficiency and are widely used; however, the best partners of MTX have not been determined. The IELSG20 randomized controlled trial evaluated the role of HD-MTX combined with cytarabine, reporting improved response rates (69% *vs.* 40%) and longer PFS (18 *vs*. 3 months) with the addition of cytarabine to MTX, despite a higher rate of hematologic toxicity (92% *vs*. 15%). The 3-year failure-free survival was 21% for the MTX group and 38% for the MTX plus cytarabine group (*P* *=* 0.01), with 3-year OS rates of 32% and 46%, respectively (*P* *=* 0.07). Although this was a relatively small population (79 patients in two groups), it was the first randomized trial of combination chemotherapy in PCNSL.^\[[@R38]\]^ The IELSG32, a randomized study that included 227 patients, investigated the addition of rituximab and/or thiotepa to a regimen of MTX and cytarabine. The highest response rates were observed in patients administered HD-MTX/cytarabine/rituximab(MATRix, 86%) compared to the rates in patients administered HD-MTX/cytarabine/rituximab (73%) or HD-MTX/cytarabine alone (53%), with 2-year OS rates of 42% (95% confidence interval \[CI\] 36--48%), 56% (50--62%), and 69% (64--74%), respectively.^\[[@R39]\]^ However, the high incidence of neurotoxicity with combined modality treatments that include WBRT is now widely recognized, especially in elderly patients. Two-phase 2, single-arm studies investigated the efficacy of MTX, procarbazine, and vincristine (MPV) followed by dose-reduced WBRT or autologous stem-cell transplantation (ASCT) in newly diagnosed PCNSL patients reported CR rates of 47% and 42% and median OS of 24 and \>37 months, respectively.^\[[@R34],[@R40]\]^ In conclusion, the combination regimen improved the outcome accompanied by increased adverse effects; however, the toxicity limited their use in elderly patients.

Rituximab is a standard component of treatment for systemic B-cell lymphomas. Due to its high molecular weight, its concentration in CSF is only 0.1% to 1% of serum. The role of rituximab in the treatment of PCNSL has been under debate. A pilot study of 12 PCNSL patients investigated the efficiency of single-agent rituximab reported an ORR of 36%.^\[[@R41]\]^ In 2014, Holdhoff reviewed the effect of adding rituximab to an HD-MTX regimen showing that rituximab improved the CR (*P* *=* 0.0145), PFS (*P* *=* 0.003), and OS (*P* *=* 0.01) rates.^\[[@R42]\]^ The HOVON 105/ALLG NHL 24 trial, a recent randomized study of 200 patients, investigated the addition of rituximab to the MBVP (MTX, carmustine, teniposide, and prednisone) regimen, with all participators administered cytarabine or WBRT as consolidation therapy. The event-free survival rates at 1 year were 49% and 52% in the MBVP and R-MBVP groups (*P* *=* 0.99); however, only two cycles of intensive rituximab in the first weeks were administered in experiment group rather than sustained rituximab each cycle in routine practice.^\[[@R43]\]^ We cannot decide the useless of rituximab according to this study. Intraventricular injection via an Ommaya reservoir is another method for rituximab administration. Rubenstein and colleagues investigated the safety and efficiency of intraventricular rituximab in 14 patients. The maximum tolerated dose was 25 mg and the CR rate was 42.8%. The common adverse effects were fever and hypertension.^\[[@R44]\]^

Consolidation Treatment
=======================

Consolidation treatment in patients with PCNSLs that responded to induction therapy can provide deeper remission for disease cure. The two strategies for consolidation include WBRT and high-dose chemotherapy followed by autologous stem cell support. For frail patients, maintenance with oral drugs is an alternative.

A large-scale random phase 3 study of HD-MTX induction followed by WBRT (45 Gy) for consolidation reported a higher frequency of long-term neurotoxicity for the WBRT group (49% *vs.* 26%) and no difference in OS (37.1 *vs.* 32.4 months, *P* *=* 0.71). The improvement in PFS was counteracted by the neurotoxicity-related deaths.^\[[@R45]\]^ However, other studies reported contradictory results. A multi-center phase 2 study observed no significant neurocognitive decline after consolidative reduced-dose WBRT (23.4 Gy) and cytarabine in patients who had achieved a CR to induction chemotherapy including HD-MTX, with a PFS of 7.7 years.^\[[@R34]\]^ For PCNSL, relapse and late neurotoxicity effects can occur many years after treatment; thus, longer follow-up is recommended to clarify the long-term oncologic outcomes. In summary, the value of consolidation WBRT and the optimal dose of radiotherapy remain controversial, especially in older patients; however, low-dose WBRT may be an alternative option.

Due to the long-term neurotoxicity, WBRT is omitted from treatment regimens and chemotherapy consolidation has increased in recent decades. The multi-center CALGB 50202 study treated patients with methotrexate, temozolomide (Temodar), and rituximab (MT-R), followed by consolidation with high-dose etoposide and cytarabine. The results showed an ORR of 72% with a median PFS of 48 months. However, the hematological toxicities should be noticed, as 81% of patients developed grade 4 thrombocytopenia. Although the authors concluded that patients \>60 years of age did as well as younger patients, more concerns should be paid to older patients.^\[[@R46]\]^ High-dose chemotherapy (HDC)/ASCT is widely used in hematological malignancies. Different conditioning regimens have led to varied outcomes: components of the BEAM regimen (carmustine, etoposide, cytarabine, and melphalan) cannot effectively penetrate the BBB; thus, thiotepa-based treatments have demonstrated better clinical results. In 2015, Omuro *et al*^\[[@R40]\]^ investigated the efficiency of R-MVP (rituximab, methotrexate, procarbazine, and vincristine) induction followed by TBC (thiotepa, cyclophosphamide, busulfan) conditioning for consolidation in 32 patients, with excellent disease control rates (ORR 97% and 2-year PFS 79%) and no long-term neurotoxicity. Several following phase 2 trials confirmed the efficiency of thiotepa-based conditioning regimens, with high safety (4% treatment-related mortality).^\[[@R47],[@R48]\]^

The role of HDC/ASCT and WBRT for consolidation remains controversial. Several retrospective studies have reported the efficacy of HDC-ASCT as a first-line treatment for PCNSL.^\[[@R49],[@R50]\]^ The IELSG32 study, a random phase 3 study, assigned 122 patients (1:1) to WBRT (45 Gy) and thiotepa-based HDC/ASCT and reported 2-year PFS rates of 80% and 69%, respectively, without significant difference between groups; however, long-term neurotoxicity was noted in the WBRT group.^\[[@R51]\]^ In 2019, the ANOCEF-GOELAMS randomized phase II PRECIS study evaluated the efficiency and toxicity of WBRT and ASCT as first-line treatment in 140 younger patients (\<60 years) assigned to receive WBRT or ASCT as consolidation therapy, with a conditioning regimen comprising TBC and a WBRT dose of 40 Gy. The 2-year PFS rates were 63% (95% confidence interval \[CI\], 49%--81%) and 87% (95% CI, 77%--98%) in the WBRT and ASCT arms, respectively, which tended to favor ASCT.^\[[@R52]\]^ The main difference between these studies, besides the induction regimen, were patient characteristics, in which 14% of patients were older than 65 years in the IELSG32 study. In summary, HDC-ASCT is a promising consolidation strategy in PCNSL, especially in younger (\<65 years) and fit patients.

Due to the high relapse rate of PCNSL, we recommend that fit patients should proceed to consolidation treatment, with consolidation strategies and regimens balanced for individual cases.

The maintenance strategies are often used in unfit or fragile patients. Elderly patients receiving induction regimen followed by temozolomide maintenance had the same outcomes as younger patients receiving a more intensive regimen, with a 2-year OS of 56% to 61%.^\[[@R53]\]^ Low-dose lenalidomide (5--10 mg/day) for maintenance has been explored in a small population, with encouraging responses. Among 13 elder (≥70 years) patients with partial or complete response to MTX/rituximab-based induction, the median PFS has not been reached after 31.6 months of follow-up and no treatment-related death has been reported.^\[[@R54]\]^ A similar result was found in relapsed patients administered maintenance lenalidomide.^\[[@R55]\]^ Finally, a case report reported that nivolumab maintenance resulted in long-term remission of 18 months in a patient with multiple PCNSL relapses.^\[[@R56]\]^

Progress in Salvage Treatment
=============================

Despite advances in the understanding of the pathophysiologic processes and improvements in chemo-radio-treatment in recent decades, more than 20% of PCNSL patients are refractory to the first-line treatment and nearly half relapse within 10 to 18 months. Moreover, relapse has been observed in some patients for more than 5 years after treatment. The prognosis of primary refractory or relapsed PCNSL is very poor, with a median survival of only 2 months without the administration of an effective treatment. The choice of salvage treatment is dependent on patient age, performance status, previous treatments, and duration of response. Re-treatment is reasonable for patients with late relapse after HD-MTX regimens. Among 31 patients with relapsed PCNSL retreated with MTX (8.0 g/m^2^), the median time to the first relapse was 24.4 months after initiating MTX treatment. The ORR was 91% and the median survival from relapse was 61.9 months.^\[[@R57]\]^ Among patients with disease resistant to MTX, switching to regimens without MTX is the most commonly used approach. Soussain *et al*^\[[@R58]\]^ reported in 2008 that 43 patients treated with an EA (etoposide, cytarabine) regimen followed by TBC conditioning and ASCT had a median OS of 58.6 months. The relapsed patients who previously underwent ASCT can benefit from salvage regimens followed by a second ASCT.^\[[@R59]\]^ WBRT is an effective salvage treatment for patients who have never received radiation therapy, with overall radiographic response rates of 74% to 79%; however, the duration is usually short, with an OS of 10 to 16 months.

Increased understanding of the molecular pathogenesis, epigenetics, and tumor microenvironment has revealed potential new targets for PCNSL, with therapies including immune-mediated medications, and kinase-targeting inhibitors gradually emerging.

Lenalidomide is an immunomodulatory drug with direct and indirect antineoplastic activity mediated through distinct immunomodulatory mechanisms such as cell-autonomous cytotoxicity effects by inhibition of IRF4 and MYC pro-survival signals to enhance antibody-dependent cell-mediated cytotoxicity. Lenalidomide has demonstrated significant anti-tumor effects in ABC sub-type DLBCL, with an ORR of about 30%.^\[[@R60],[@R61]\]^ A pioneering study of nine consecutive central nervous system lymphoma (CNSL) patients confirmed the efficacy of lenalidomide monotherapy, with an ORR of 50% at 25 mg and well-tolerated treatment.^\[[@R62]\]^ The REVLRI trial, a phase 2 single-arm study, assessed the effect of eight 28-day cycles of R2 (rituximab, lenalidomide) in r/r PCNSLs. The responding patients received low-dose lenalidomide as maintenance. The results showed CR in 39.5% of patients, with a median PFS and OS of 7.8 and 17.7 months, respectively.^\[[@R63]\]^ The response rate of the R2 regimen was lower than mono-agent lenalidomide in r/r PCNSL, and the reasons included: a high proportion of intraocular lymphoma in REVLRI study, the patient selection bias of previous small studies. The combination of pomalidomide and dexamethasone has demonstrated therapeutic activity, with an ORR of 43% in 21 patients and a PFS of 5.3 months.^\[[@R64]\]^ Given the high frequency of mutations in the BCR and MYD88 pathways, the Bruton tyrosine kinase inhibitor ibrutinib with good CNS distribution appears to be a promising therapeutic option. The first report of ibrutinib efficiency in PCNSL appeared in 2017,^\[[@R65]\]^ in which 14 refractory/relapsed PCNSL patients were administered single-agent ibrutinib. Seven of the patients showed a radiologic response. Lionakis *et al*^\[[@R66]\]^ introduced the novel dose-adjusted temozolomide, etoposide, doxil, dexamethasone, ibrutinib, rituximab combined regimen. All 18 patients were heavily treated (previous regimen lines 1--6) and 85% were refractory patients. The CR rate was 84% but 7(39%) of the 18 patients developed invasive aspergillus infections. Further development of this regimen should focus on reducing the incidence of aspergillosis; for example, with the use of voriconazole prophylaxis. A small phase 2 study evaluating the efficiency of MTX and ibrutinib that enrolled 15 patients reported an ORR of 80% and no invasive aspergillus.^\[[@R18]\]^ The latter regimen was better tolerated regarding both safety and financial issues. Immune-checkpoint inhibitors have been widely used in solid tumors and might represent another promising treatment approach. The recent discovery of the frequent *9p24.1/PD-L1/PD-L2* copy number alterations and consequent increased PD-L1 expression in PCNSL provided the rationale to evaluate the efficacy of PD-1 antibodies including nivolumab, a human IgG4 antibody that targets PD-1 and blocks its interactions with PD-L1. Nayak *et al*^\[[@R56]\]^ reported long-term responses in a small retrospective study, in which five of six patients achieved objective responses following nivolumab treatment. Moreover, several prospective studies are further investigating the concept of immune evasion and PD-1 blockade in PCNSL, including evaluations of pembrolizumab (NCT02779101) and nivolumab (NCT02857426).

Chimeric antigen receptor (CAR) T-cell therapy, has recently been approved for the treatment of recurrent/refractory systemic DLBCL and CAR T-cells have been shown to penetrate the CNS. A 68-year-old woman with secondary CNSL achieved a durable remission after CAR T-cell therapy, demonstrating the potential of this therapy in PCNSL.^\[[@R67]\]^ However, cytokine-related encephalopathy is a fatal complication of CAR T-cell therapy, which has restricted its use in PCNSL.

Special Considerations for Older Patients With PCNSL
====================================================

More than half of PCNSL patients are older than 65 years of age and are ineligible for intensive chemotherapy and ASCT. Age is an independent poor predictor of PCNSL and survival in the elderly population has not changed in the last 40 years (6 months in the 1970s *vs.* 7 months in the 2010s, *P* *=* 0.10).^\[[@R68]\]^

A systematic review assessed clinical data from 783 elderly patients with PCNSL (\>65 years) from 20 eligible studies. After a median follow-up of 40 months, HD-MTX-based therapy improved survival (hazard ratio \[HR\] 0.70, 95% CI 0.53--0.93) but no differences were observed between HD-MTX plus oral chemotherapy and more aggressive HD-MTX-based therapies (HR 1.39, 95% CI 0.90--2.15). Radiotherapy improved survival but was correlated with an increased risk of neurological side-effects.^\[[@R69]\]^ Temozolomide and procarbazine are widely used in elder patients and several phase II studies have demonstrated the efficiency of MPV regimens, with good safety. Adding rituximab to MVP regimens can induce higher response rates.^\[[@R70]--[@R72]\]^ A retrospective study from the European Society for Blood and Marrow Transplantation evaluated the role of ASCT in elder patients. In that study, 52 patients treated with a thiotepa conditioning regimen plus ASCT had 2-year PFS and OS of 62% and 70.8%, respectively, with a treatment-related mortality rate of 3.8%.^\[[@R49]\]^ HDT-ASCT with thiotepa-based conditioning regimes may be feasible and effective in fit elderly PCNSL patients. Considering the late neurotoxicity in elder patients, WBRT was gradually omitted from induction and consolidation treatments.

Conclusions
===========

Significant progress in diagnosis and treatment has been achieved in recent decades. The optimal treatment strategy has yet to be established; however, HD-MTX-based chemotherapy is currently considered the backbone of induction therapy for newly diagnosed PCNSL, although relapse is common. New technologies and biological studies will provide details about PCNSL genomics and potential biomarkers of diagnosis and prognosis. Further clinical studies will provide more evidence of optimal doses or combinations of induction chemotherapy, consolidation strategies, and salvage regimens. The limited resources for PCNSL patients must be allocated thoughtfully to answer emerging questions. Ibrutinib and lenalidomide have demonstrated promising results and additional small molecule medications and other novel agents will continue to change the disease landscape.
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